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Abstract 
Heat pump performance is always improving. Lower minimum operating temperatures and better performance curves are increasing both the 
number of hours of useful service and effectiveness while in use. We estimate the rate of technological development for residential air source 
heat pumps and their consequent rate of adoption using a system dynamics model. From the perspective of the use stage in life cycle 
assessment, energy savings and greenhouse gas emissions reductions are estimated. A substantial reduction in overall energy consumption is 
predicted, while greenhouse gas emissions are only reduced where electricity is generated with little or no fossil fuels. 
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1. Introduction 
In cold climates space heating is a necessity and also one 
of the largest residential energy needs. In Ontario, Canada 
approximately 62% of residential energy consumption was for 
space heating alone.[1] This energy is primarily supplied by 
natural gas, fuel oil, and electricity, with natural gas and oil 
furnaces making up almost three quarters of heating 
systems.[2] These fossil fuels account for 90.6% of residential 
greenhouse gas (GHG) emissions in Ontario in 2012, 
excluding electricity.[2] A reasonable goal may be to 
minimize their use, using instead a greater proportion of 
electrical energy, which in Ontario results in the emission of 
only 100g or less of CO2 equivalent per kWh generated.[3], 
[4] 
Heat pumps can deliver approximately three (3) times as 
much heat as the electrical energy used to drive them. If 10% 
of the heating needs of Ontarians currently supplied by fossil 
fuels was instead supplied with heat pumps, we could expect a 
30% reduction in energy consumption for heating, and nearly 
as great a reduction in greenhouse gas (GHG) emissions. But 
will this technology be adopted, and how can we encourage 
it? 
Early work in the area of technological advancement began 
with the productivity increase associated with labour. It was 
found that with every doubling of production volume there 
was a 20% reduction in labour costs. This was specifically for 
the aerospace industry, which at the time was even more 
labour intensive.[5]  
Today technological advancements still result in reduced 
labour costs, often through increased automation, but 
improved performance of the end product itself can result in 
better energy efficiency and reduced life cycle impacts as 
well. It is the development of air source heat pump (ASHP) 
technology that enhances their economic and environmental 
performance. In particular, there are two parameters we find 
most important. 
First is the lowest feasible outside operating air 
temperature. With lower operating temperatures, heat pumps 
can be used for more of the heating season. Today the best 
commercially available models can operate at temperatures of 
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-30 degrees celsius. However, at these temperatures 
performance is reduced and operating costs are higher. 
The second parameter of interest is performance. How 
effective is a heat pump at a given outside temperature? 
Manufacturers often state coefficients of performance (COP), 
a measure of the heat energy moved into the home divided by 
the electrical energy required to operate the heat pump, in the 
range of 2 to 3 or more, on average over the heating season. 
Because the COP varies over both the range of operating 
temperatures and amongst different models of heat pumps, an 
aggregated estimate of performance is necessary to predict 
energy requirements over the geographic and temporal ranges 
studied.  
 These two parameters will allow an estimation of the costs 
of operation and their comparison with the costs of operating 
competing technologies. Expecting that the homeowner will 
act rationally and allow financial considerations to dominate 
their decision, we will try to predict the rate at which heat 
pumps will be adopted in Ontario.  
Life cycle assessment began with single products. In this 
case the manufacturer could make a change and expect a 
reduction of impacts based upon maintaining their volume of 
production. In the case of heat pumps the performance of the 
technology is closely tied to its economic viability and 
individual home owners must decide whether to make the 
purchase. It is not the same as it was for Coca-Cola when they 
decided that there would be less environmental impact and 
lower cost in transporting bottles made of plastic instead of 
glass. The product remained the same, and sales volumes 
would not have been expected to change significantly.  
System dynamics are applied to analyze the effects of 
technological development on adoption rate. That is, the 
number of heat pumps with given capabilities in service is not 
prescribed, but rather estimated based on the influence of their 
improving performance and consequent economic feasibility. 
Furthermore the calculation of energy consumption and 
heating requirements can also be modelled within the same 
framework. Stella version 10.1[6] made by ISEE Systems is 
the software chosen for this work. 
2. Methodology 
System dynamics is used to model situations where there is 
feedback in the system contributing to its evolution. In this 
case, as heat pumps are put into service their share of the 
heating system stock is increased. It increases at a given rate 
per year – the adoption rate. The greater the number of 
households with a heat pump installed the greater is the 
likelihood that other home owners will come into contact with 
members of these households or see their heat pumps in 
operation. This rate of contact coupled with the economic 
feasibility of using a heat pump affects the adoption rate. The 
loop is reinforcing. That is, the greater the number of heat 
pumps, the greater their rate of adoption and in turn the 
number of heat pumps will rise even more quickly. 
This forms the main structure of the model. Economic 
feasibility is influenced by rate of technological development 
and the prices of energy in the forms of electricity, natural 
gas, and furnace oil. Future work may consider how 
residential energy prices may be affected by changing 
demand, but in this model it is assumed that the shift in 
heating technology use is insufficient to have such an impact.  
Shown in Figure 2, is the stock and flow diagram of the 
main feedback loop shown above. This structure is based 
upon a model of infection rates in a population.[7] It exhibits 
“S” shaped growth. There is a slow adoption rate at first, but 
it accelerates as the number of heat pumps increases until 
finally slowing again due to reduced availability of 
households where a heat pump can be installed. 
2.1. Economic Feasibility 
In this initial study economic feasibility is determined only 
by operating cost. It is expected that if operating a heat pump 
costs more than readily available alternatives, very few home 
owners will install them. Furthermore, a homeowner 
contemplating the installation of a central air conditioning 
unit might consider a heat pump instead because the initial 
cost of purchase and installation is comparable, and a heat 
pump supplies not only summer cooling but also winter 
heating. It should also be noted that payback periods are 
irrelevant to the purchase of air conditioning systems where 
none were in service before. 
The most important factor in determining the cost of 
operation is the price of fuel. While heat pumps use 
electricity, most furnaces in Ontario use natural gas and 
furnace oil. Both the historical and forecast prices of these 
three energy sources are shown in figure 3 for the years 2005 
through 2025. 
Fig. 2 Stock and flow diagram of adoption rate model. 
Fig. 1. Causal loop diagram of adoption of heat pumps. 
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Historical pricing for electricity and natural gas is gleaned 
from Statistics Canada census and survey data.[8], [9] 
Furnace oil pricing is available through Natural Resources 
Canada (NRCan).[10] These data are collected for Ontario 
and averaged over each year represented. Taxes are not 
included in prices.  
Electricity price predictions are sourced from the Ontario 
government's 2013 Long-Term Energy Plan (LTEP).[4] 
Natural gas and furnace oil price predictions are estimated 
using forecasts provided by Sproule Associates 
Incorporated.[11] Because energy price forecasts for fossil 
fuels change often, it is suggested that future work should 
adopt a methodology that produces a range of results based 
upon the statistical likelihood of a given energy price 
prediction. For this initial work the forecasts of fossil fuel 
prices are assumed to be accurate. In the case of the electricity 
price predictions the assumption of their accuracy can be 
made with greater confidence because Ontario's electricity is 
produced mainly with nuclear, hydro, and natural gas power 
plants. Only the latter is subject to fossil fuel price volatility. 
Nuclear, hydro, and renewables, like wind and solar, are 
usually priced by contractual agreement or regulation.   
Heat pump performance is also critical to the operating 
cost comparison. Operating costs are reduced in proportion to 
seasonal performance. It is this balance that is used to 
calculate economic feasibility and subsequently adjust the rate 
of adoption. 
2.2. Heat Pump Performance 
In North America heat pump manufacturers provide 
standard performance factors to their customers for the 
purpose of comparison between models. Heat pump 
performance depends mainly on the outdoor temperature. Air 
source heat pumps generally have declining performance as 
the outside temperature falls.[12], [13]  
  Standards have been developed and are elaborated by the 
United States Department of Energy (DOE).[14], [15] These 
require testing of heat pumps at a number of temperatures and 
conditions. Based upon these laboratory tests a “heating 
season performance factor” (HSPF) is calculated. The basic 
form of the HSPF is the total heat provided over the season in 
British thermal units (Btu) divided by the total electrical 
energy used by the heat pump in kilowatt hours (kWh).[12]  
Total heating needs are based upon the weather conditions 
in the geographic location where the heat pump is to be used. 
To facilitate standardization the DOE has divided up the 
geography of the United States into zones based upon the 
heating needs measured over the full year. Zones 1-5 are 
progressively colder as the number increases. Zone 4 was 
chosen for the purpose of testing and reporting HSPF 
values.[14]–[16] This region roughly spans the middle of the 
United States from coast to coast, and is warmer than most 
every location in Ontario. Some Canadian databases provide 
zone 5 HSPF values for commercially available heat 
pumps.[17]  
2.3. Weather 
Heating needs can be estimated by using a measure of the 
weather conditions averaged over a period of 20 or 30 years. 
The American Society of Heating, Refrigeration and Air-
conditioning Engineers (ASHRAE) provides such data for 
thousands of locations around the world.[12] 10 cities were 
selected in Ontario. They were chosen based upon availability 
of data in the ASHRAE tables, population, and climate. 
Larger populations and diversity of climate were given 
preference when selecting locations. Table 1 shows the cities 
chosen. 
Table 1. Cities Heating Degree Days and Winter Design Temperatures 
City in Ontario HDD 18.3 
(d°C) 
99% Winter 
Design (°C) 
Burlington 3560 -12.7 
Hamilton 3919 -15.4 
London 3954 -15.4 
North Bay 5192 -24.6 
Ottawa 4441 -20.8 
Sault Ste. Marie 4950 -21.5 
Sudbury 5241 -24.7 
Thunder Bay 5594 -26.6 
Timmins 6017 -29.9 
Toronto 3533 -13.7 
Windsor 3444 -13.1 
 
The key data provided by ASHRAE are heating degree 
days (HDD) for each location. These are the sum of the 
number of days where the temperature is below 18.3°C 
multiplied by the number of degrees below 18.3°C. This is the 
temperature at which heating will be needed for a typical 
home to maintain an interior temperature of approximately 
20°C.[12] 
Average monthly temperatures and their standard 
deviations are used to calculate the likelihood of experiencing 
a given temperature in a given month. By selecting a 
temperature below which the heat pump stock will not 
operate, we can estimate the proportion of heating that will be 
supplied by heat pumps. The remainder of heating needs are 
satisfied by backup heating systems, which will be electric 
resistance heating, natural gas, or oil fired. Fairey et al. 
developed a system of calibrating HSPF ratings based upon 
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Fig. 3 Historical and forecast pricing of common heating energy sources. 
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winter design temperatures.[13] This may be a viable 
alternative method to the one presented here. 
2.4. Energy Consumption and Costs 
Heating needs for a year for a home can be estimated using 
the number of heating degree days at that location, the winter 
design temperature and an estimation of the full load heating 
needs of the home.[16] Ideally an estimation of heating needs 
would be carried out for each home with attention paid to 
details of the construction, orientation, number and location of 
windows, solar radiation and even the elevation. However, for 
this study a great number of homes are being studied and 
average numbers better represent the aggregated home heating 
needs. Sixty (60) Watts per square metre of housing, U, is 
used as a first approximation of heating needs.[18] This value 
is used in RetScreen, a software application designed to help 
estimate feasibility of energy efficiency projects of many 
types and scales. Equation 1 describes the calculation of 
heating energy requirements, Q (kWh) for an average 
home.[16], [19] The average area, A, heating degree days for 
each city, HDDs, and local winter design temperature, WD, 
are used to complete the calculation. 
 
 
(1) 
 
 
Using the number of households using heat pumps and the 
average size of a home in that year we can calculate the 
approximate energy needs for the year in a particular city. 
From knowledge of the weather the proportion of heating 
provided by heat pumps is determined. Energy requirements 
are then calculated by applying efficiencies of the heat pumps 
and backup heating systems, and from these energy 
requirements greenhouse gas emissions can be estimated. 
2.5. Greenhouse Gas Emissions 
Greenhouse gas emissions are calculated first by 
determining the CO2 equivalent emissions for natural gas, 
furnace oil, and electricity in Ontario. These are shown in 
table 2 below. First the content of CO2, CH4, and N2O were 
obtained from Canada's National Inventory Report [3] and 
then the Intergovernmental Panel on Climate Change's (IPCC) 
fifth Assessment Report was used to find weightings for CH4 
and N20. The global warming potential for 100 years 
(GWP100) was used.[20]  
Electricity emissions per kWh consumed in Ontario were 
provided in the National Inventory Report [3] up until 2012 
with some years requiring interpolation. Future estimates of 
emissions were obtained from the 2013 Ontario government 
Long-Term Energy Plan (LTEP).[4] Reductions in GHG 
emissions due to displaced fuel consumption are calculated 
within the system dynamics model. For residences with heat 
pumps the proportion of heating provided by the heat pumps 
is calculated. The remainder of heating needs are provided by 
the backup heating systems (electric, natural gas, or oil). 
Reductions in GHG emissions are then calculated by 
summing the displaced emissions for all homes in all cities 
and subtracting the emissions resulting from the increased use 
of heat pumps. 
Table 2. CO2 equivalent emissions by heating fuel type (GWP100). 
Heating Energy Source Carbon Emissions 
(gCO2 / kWh heat) 
Electricity 40 
Natural Gas 215 
Furnace Oil 351 
 
Figure 8, shows the GHG emissions reductions as they 
were calculated for each year. These reductions are the result 
of running heat pumps only when it is economical to do so, 
and lower oil and gas prices over the coming years result in 
lower GHG reductions. In reality homeowners might operate 
their heat pumps even when it is not cost effective to do so. 
2.6. Technological Development and the Rate of Adoption 
Minimum standards for ASHPs are set at intervals by the 
DOE in the United States and by NRCan in Canada. These 
require that all manufactured heat pumps meat this minimum 
level of seasonal performance. Table 3 below shows the dates 
these were effective and their levels. These minimum 
standards as well as review of the AHRI, EnergyStar and 
Energy Efficient Product databases have led to the estimated 
technological development rates used in this work. Datasets 
are not readily available with service dates or efficiencies of 
in service heat pumps. Databases tend to only contain 
currently available products and are therefore of little use for 
historical purposes. The lack of a mathematically or 
scientifically rigorous method of establishing the rates of 
technological development makes this study a proof of 
concept, and the findings less trustworthy.  
Table 3. Standards for Heat Pump Performance Canada and US 
Effective Dates Split Single Package 
Depart of Energy, US   
1992-2006 
2006-2015 
After 2015 
Natural Resources Canada 
 
6.8 
7.7 
8.2 
 
6.6 
7.7 
8.0 
 
After 2006 
Before 2010 through-the-wall 
7.7 
7.1 
7.7 
7.1 
After 2010 through-the-wall 7.4 7.4 
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3. Results & Discussion 
This system dynamics model is intended to show the 
potential for predicting adoption of technologies that may be 
more energy efficient. Despite lacking data to fully support 
some of the inputs, it is possible to produce a model that 
closely tracks historical adoption of heat pumps. Shown 
below (Fig. 4) is both the actual share of heat pumps as 
tabulated by Statistics Canada and the predicted share from 
2005 to 2012.  
The portion of the system dynamics model that uses 
technological development to calculate operating costs for 
different fuel based heating systems was not altered with the 
addition of any correction factors. The heat pumps available 
in any given year are simply expected to be less expensive or 
more expensive to operate than the alternatives due to the 
state of the technology and the prices of energy. However, the 
model was made to accurately follow the historical dataset by 
only changing the “contact rate” (see Fig. 2). Conceptually 
this factor influences the frequency that potential adopters 
come into contact with those who have already installed heat 
pumps. Economic feasibility as affected by the rate of 
technological development, shown in figure 5, energy prices, 
and weather conditions influences the number of those 
“contacts” that result in adoption of a heat pump.  
Model behaviour seems to follow trends in pricing of fuels 
and the performance of the technology. Shown below in 
figure 6 is the predicted share of residences with heat pumps. 
By 2025 it expected that approximately 8.3% of homes will 
have heat pumps. This result cannot be considered certain at 
this time and is obtained from a single run of the model. It 
should be noted that model parameters can be altered and the 
model run again within seconds. This flexibility allows for 
testing of hypotheses like pricing changes, carbon taxation, 
greater technological development rates, or even warmer 
climate conditions.  
Perhaps the most significant factor in heat pump adoption 
is the price of fossil fuels. The short to medium term forecast 
shows prices (Fig. 3) for oil and gas that are lower and at the 
same time electricity prices are expected to rise over the 
coming years. Carbon pricing that is planned to come into 
effect in Ontario may shift the balance slightly. In any case it 
can be seen from Fig. 7 that despite a price ratio that favours 
natural gas over electrically powered heat pumps there is still 
growth every year. This may be due to the momentum 
generated by having more heat pumps in service and also 
because of the better performance of heat pumps prescribed in 
figure 5.  
The predicted drop in fuel prices from 2016 through 2018 
influences energy savings as well. This model presents an 
estimation of heat pump use if homeowners were to only 
operate their heat pumps when their costs will be lower than 
relying upon their fossil fuel or electrically powered furnaces. 
As fuel prices drop and electricity prices remain the same or 
slightly higher, the temperature at which a heat pump is 
economical to operate rises. This reduces the proportion of 
heating supplied over the winter months and consequently the 
Fig. 4. Model and actual data for heat pump share. 
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Fig. 7. Number of heat pumps adopted each year. 
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amount of heating delivered by heat pump and the energy 
savings are diminished as well. This is illustrated in Fig. 8 
where energy savings do not return to 2015 levels until 2019. 
Homeowners are not likely to follow this pattern of use in 
reality. The author suspects they are far more likely to ignore 
fuel price ratios after their heat pump is purchased.  
GHG emissions reductions (Fig. 9) show exactly the same 
pattern seen for energy savings. This is natural since the two 
are causally linked. Greater use of heat pumps results in lower 
overall GHG emissions. The less than impressive mitigation 
of emissions from 2016 through the early 2020s is again due 
to the powerful economic effects of fuel and electricity 
pricing. However, the prescribed improvement in heat pump 
technology (see Fig. 5) helps to effect increases in energy 
savings and GHG emission mitigation towards the end of the 
timeframe as shown in both figures 8 and 9.  
4. Conclusions 
Development of system dynamics models for this case may 
allow for a better understanding of the impact on energy 
consumption due to the increased use of heat pumps in 
Ontario. A better prediction of the number of heat pumps in 
service is used instead of a prescribed number. The 
performance of future heat pumps is extrapolated from 
historical data instead of assuming today's best technology 
will be put into use without subsequent improvement.  
Either through experimentation, or by obtaining 
engineering data from manufacturers it may be possible to not 
only better predict technological development rates, but also 
to better predict performance of heat pumps currently in 
service. 
Future work should consider production of electrical power 
at the margin. That is, when new consumption patterns 
generate previously unseen demand, what power generating 
systems will be required to provide the new supply?  
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